Raw poultry manure (RPM) and its derived biochars at temperatures of 400 (B400) and 600 • C (B600) were physico-chemically characterized, and their ability to release nutrients was assessed under static conditions. The experimental results showed that RPM pyrolysis operation significantly affects its morphology, surface charges, and area, as well as its functional groups contents, which in turn influences its nutrient release ability. The batch experiments indicated that nutrient release from the RPM as well as biochars attains a pseudo-equilibrium state after a contact time of about 48 h. RPM pyrolysis increased phosphorus stability in residual biochars and, in contrast, transformed potassium to a more leachable form. For instance, at this contact time, P-and K-released amounts passed from 5.1 and 25.6 mg g −1 for RPM to only 3.8 and more than 43.3 mg g −1 for B400, respectively. On the other hand, six successive leaching batch experiments with a duration of 48 h each showed that P and K release from the produced biochars was a very slow process since negligible amounts continued to be released even after a total duration of 12 days. All these results suggest that RPM-derived biochars have specific physico-chemical characteristics allowing them to be used in agriculture as low-cost and slow-release fertilizers.
Introduction
Raw poultry manure (RPM) is a chicken waste that is produced from the normal operation of hatcheries, turkey, broiler, and egg laying [1] . Huge amounts of RPM are annually produced in the world. In the USA, the annual production of animal manure dry matter was estimated to be more than 19 million tons in 2018 [2] . In Tunisia, poultry production has seen a sharp increase during the last decade, generating about 400,000 tons/year of manure [3] .
Materials and Methods

Preparation of Raw Poultry Manure
The raw poultry manure was collected from a poultry farm in the city of Mornag (South of Tunis, Tunisia). Fresh RPM feedstock was first air-dried for about 10 days until a constant weight. Then, it was manually ground in order to have a relatively homogeneous particle size. Finally, RPM was mechanically sieved by using mechanical sieve shaker (Retch, Haan, Germany). Only fraction with a particle size less than 1 mm was collected and stored in bags for subsequent analysis.
Thermogravimetric Analysis of RPM
Thermogravimetric analysis (TGA) of RPM was performed using a thermal analyzer (LABSYS TG brand, Ireland) under the following thermo-analytical conditions: An RPM mass of 16.7 mg, a heating gradient of 10 • C min −1 for temperatures varying from 30 to 810 • C, and a dynamic nitrogen atmosphere with a flow rate of 10 mL min −1 . These TGA measurements were carried out in triplicate and the mean values are reported in this study. The TG curves giving the variation of the residual RPM mass (%) versus time/temperature were derived (DTG curves) in order to get a better idea about the kinetic of RPM mass losses (mg min −1 ) and to highlight even slight mass changes.
Biochar Production and Characterization
The biochars used in this study were derived from pyrolysis of air-dried RPM at two different temperatures (400 and 600 • C). These biochars (named B400 and B600, consecutively) were produced using a laboratory pyrolysis furnace (Lenton brand oven) with dimensions of 67 cm length, 23 cm width, and 22 cm height. A pyrolysis metal container with a 13 cm length and 11 cm width equipped with four 0.5-cm holes in the lid was used, which permitted vapor elimination and maintained an air-absent environment in the container during the pyrolysis process. At the end of the pyrolysis operation, the container was taken out of the furnace and cooled down to room temperature. Solid residues (biochars) were removed from the container and placed in a plastic bag for use throughout this study.
Air-dried RPM, B400, and B600 were physically characterized through an assessment of: Particle size distribution by using a Malvern Mastersizer STD06 laser granulometry; surface area and pore volumes according to the Brunauer, Emmet, and Teller (BET) method, via the measurements obtained by N 2 adsorption using an Autosorb Quantachrome apparatus; and finally, their morphology and structure through a scanning electron microscope (SEM) apparatus (SU-70). These solid matrices were also chemically characterized by the determination of: (i) Crystalline phase through X-ray diffraction (XRD) analyses; (ii) pH of zero-point charge (pHZC) according to the methodology given by Azzaz et al. [26] ; (iii) elemental composition (C, H, N, O, S) by using a "vario EL cube" elemental analyzer; (iv) moisture, volatile matter, ash, and fixed carbon contents according to the British Standard Institution (BSI) protocol; and (v) their main contained functional groups through a Fourier transform infrared spectroscopy apparatus (Agilent Tech Cary 630, Ireland). The spectral resolution of the FTIR was 1 cm −1 measured between 400 and 4000 cm −1 .
Batch Nutrient Release Experiments
The batch experiments consisted of determining the P and K release kinetics from RPM and its derived biochars, as well as the effect of some key parameters, such as solution pH and solid matrices dosages, on this release process. These experiments were conducted at 20 ± 2 • C in 120-mL capped flasks. During these assays, a defined amount of RPM or biochars was shaken in 50 mL of distilled water for a fixed time at 400 rpm using an IKA RT15 Power IKAMAG multi position magnetic stirrer for a contact time 48 h. Then, the resulting suspensions were centrifuged at 3000 rpm for 8 min using a ROTOFIX 32 apparatus and filtrated using a vacuum pumping system. Dissolved P and K concentrations in filtrates were analyzed by an inductively coupled plasma spectrometry (ICP) device (Agilent Tech 5100 ICP OES, Ireland). The released amount of P "q P (mg g −1 )" or K "q K (mg g −1 )" per gram of solid matrix were determined as follows:
where C P , C K , and D are the measured released concentrations of P and K, and the used solid matrix dose, respectively. All the following batch nutrient release assays were carried out in triplicate and each analysis data reported in this study is an average of at least three independent parallel sample solutions. 
Effect of Contact Time
The kinetics of P and K release from RPM and the two derived biochars (B400 and B600) was monitored at 1, 5, 10, and 30 min and 4, 17, 24, and 48 h. During these assays, the solid matrices dosage, initial aqueous pH, and temperature were fixed to 10 g L −1 , 5.6 (natural without adjustment), and 20 ± 2 • C, respectively. The subsequent nutrient relse data were fitted to the most common models, namely pseudo-first order (PFO) and pseudo-second order (PSO) models. The corresponding equations and the related assumptions were given by Azzaz et al. [26] . In order to assess the applicability of these two models and their ability in fitting the current experimental data, average percentages errors (APEs) between the measured and calculated released amounts were estimated as follows [27] :
where q exp,i and q th,i are the experimental and theoretical released P or K quantities at a given time "i", respectively. N is the number of experimental data.
Effect of Initial Aqueous pH
The effect of initial aqueous pH on the rate of P and K release from RPM and the derived biochars was assessed for adjusted values of 3, 5.6 (natural pH), and 8. All these experiments were carried out at a constant dose of 10 g L −1 , a temperature of 20 ± 2 • C, and a contact time of 48 h. The aqueous pH adjustment was performed by using 0.1 M HNO 3 or NaOH solutions.
Effect of RPM and RPM-Derived Biochars Doses
The impact of RPM, B400, and B600 doses on P and K release was assessed for an initial aqueous pH of 5.6 (without adjustment), a temperature of 20 ± 2 • C and a contact time of 48 h. The tested doses were 2, 5, 10, and 15 g L −1 .
Successive Nutrient Release Experiments
In order to determine the slowness of the RPM and its two derived biochars' capacities in releasing P and K, six successive batch experiments were carried out for a total contact time duration of 12 days. For each leaching experiment, the same solid samples were put in contact with distilled water at a dose of 10 g L −1 , an initial pH of 5.6 (without adjustment), and a contact time of 48 h. At the end of each assay, these solid matrices were recovered through filtration by using a vacuum pumping system with 0.45-µm paper filters, and then dried overnight at 40 • C. These dried samples were reused for the next leaching experiment in the presence of new distilled water under the same experimental conditions cited above.
Statistical Analysis
All the experimental data (except elemental analysis and granulometric distribution) for RPM and its derived biochars represent means of at least triplicate measurements. Data were analyzed using STATISTICA 8.0 (Statsoft, Tulsa, OK, USA). ANOVA with Duncan's multiple range test were applied for mean separation at p < 0.05.
Results and Discussion
Thermogravimetric Analysis of Raw Poultry Manure
The TG analysis of RPM was carried out under the experimental conditions given in Section 2.2. Figure 1 reports the RPM's TG records and the corresponding first derivative curve (DTG). Figure 1 shows the presence of three regions with different thermal behavior. Region I spans a temperature interval of 49 to 179 °C, with a progressive mass loss reaching a maximum rate of 9% at the end of this interval. In this region, the maximum loss rate (0.22% min −1 ) was observed at a temperature of 99 °C and corresponds to moisture losses from the RPM. The second region is comprised between 179 and 609 °C, with a corresponding mass loss of about 27%. A maximum peak rate (0.48% min 1 ) was observed at a temperature of 289 °C. This peak apparition is mainly due to the thermo-oxidative degradation of highly oxygenated organic matter contained in RPM, such as labile alkyl systems, carbohydrates, and fatty acids [28, 29] . The last thermal region corresponds to temperatures ranging between 609 to 810 °C, with a corresponding mass loss of 15%. A peak degradation rate was observed at a temperature of 759 °C (0.32% min −1 ) and could be attributed to the oxidation of mineral and biogenic salts, such as calcium and potassium carbonate [30] . A global similar trend was reported by Cimo et al. [30] when studying the thermal behavior of RPM collected from a Sicilian chicken farm in Italy. It is important to underline that P speciation in biochars is very dependent on the pyrolysis temperature. At low temperatures, the organic carbon compounds are aromatic and therefore do not overlap with the P vibrations. For biochars produced at higher temperatures, prevailing P forms are tricalcium phosphate, hydroxyapatite, calcium, and iron phosphate precipitates [31] .
Characterization of Raw Poultry Manure and Biochars
The main physico-chemical properties of RPM as well as its two derived biochars at temperatures of 400 and 600 °C are given in Table 1 . Granulometric characterization showed that the RPM and the corresponding biochars have a relatively fine texture with a mean particle size of 0.48, 0.43, and 0.31 mm, respectively. The uniformity coefficient (UC), which is the ratio of d60/d10, showed that RPM and B400 are heterogeneous media because their UCs are higher than 2. However, B600 could be considered as homogenous since its UC is lower than 2. The fine texture of the relative RPM and derived biochars indicates that they could play an important role in physico-chemical reactions with pollutants contained in rainwater or irrigation water [32] .
The BET surface area of RPM was assessed as 0.88 m 2 g −1 . Pyrolysis operation increased this value to 4.30 and 5.34 m 2 g −1 for B400 and B600, respectively ( Table 1 ). These relatively low surface areas could be imputed to the existence of inorganic ash materials at high concentrations that might Figure 1 shows the presence of three regions with different thermal behavior. Region I spans a temperature interval of 49 to 179 • C, with a progressive mass loss reaching a maximum rate of 9% at the end of this interval. In this region, the maximum loss rate (0.22% min −1 ) was observed at a temperature of 99 • C and corresponds to moisture losses from the RPM. The second region is comprised between 179 and 609 • C, with a corresponding mass loss of about 27%. A maximum peak rate (0.48% min 1 ) was observed at a temperature of 289 • C. This peak apparition is mainly due to the thermo-oxidative degradation of highly oxygenated organic matter contained in RPM, such as labile alkyl systems, carbohydrates, and fatty acids [28, 29] . The last thermal region corresponds to temperatures ranging between 609 to 810 • C, with a corresponding mass loss of 15%. A peak degradation rate was observed at a temperature of 759 • C (0.32% min −1 ) and could be attributed to the oxidation of mineral and biogenic salts, such as calcium and potassium carbonate [30] . A global similar trend was reported by Cimo et al. [30] when studying the thermal behavior of RPM collected from a Sicilian chicken farm in Italy. It is important to underline that P speciation in biochars is very dependent on the pyrolysis temperature. At low temperatures, the organic carbon compounds are aromatic and therefore do not overlap with the P vibrations. For biochars produced at higher temperatures, prevailing P forms are tricalcium phosphate, hydroxyapatite, calcium, and iron phosphate precipitates [31] .
The main physico-chemical properties of RPM as well as its two derived biochars at temperatures of 400 and 600 • C are given in Table 1 . Granulometric characterization showed that the RPM and the corresponding biochars have a relatively fine texture with a mean particle size of 0.48, 0.43, and 0.31 mm, respectively. The uniformity coefficient (UC), which is the ratio of d60/d10, showed that RPM and B400 are heterogeneous media because their UCs are higher than 2. However, B600 could be considered as homogenous since its UC is lower than 2. The fine texture of the relative RPM and derived biochars indicates that they could play an important role in physico-chemical reactions with pollutants contained in rainwater or irrigation water [32] . The BET surface area of RPM was assessed as 0.88 m 2 g −1 . Pyrolysis operation increased this value to 4.30 and 5.34 m 2 g −1 for B400 and B600, respectively (Table 1 ). These relatively low surface areas could be imputed to the existence of inorganic ash materials at high concentrations that might fill or block access to micropores [22, 33] . Generally, higher specific surfaces areas are obtained for higher carbonization temperatures of biomasses [23, 24] . It is worth mentioning that the BET surface areas of biochars significantly affect not only the subsurface contaminant mobility but also the microbial activities [22, 29] . These authors reported that the BET specific surface areas of their RPM and derived biochar at 400 • C were 0.90 and 3.94 m 2 g −1 , respectively, which are fairly close to the values found in the current study.
SEM analyses of the RPM and its derived biochars produced at temperatures of 400 and 600 • C are shown in Figure S1 . RPM particles present a rough structure with a relatively oval shape ( Figure S1 ). Besides, the pyrolysis process did not induce significant morphological changes. The presence of relatively small-sized particles in the three used solid materials ( Figure S1 ) should play an important role in the nature of the physicochemical reactions with dissolved substances in liquid effluents [34] .
The XRD spectra of RMP, B400, and B600 are given in Figure S2 . Raw poultry manure showed an elevated background between 2θ = 21 • , likely attributable to the organic matter content [35, 36] . The peaks at 2θ = 28.9 • and 2θ = 29.6 • indicate the presence of low crystallinity (quartz and calcite) that already exists with a low intensity compared to its two biochars produced at 400 and 600 • C, respectively [37] . In addition to quartz and calcite, the sylvite (KCl), which is a cubic mesh mineral species of the chloride family, is present for B400 and B600 at peaks equal to 2θ = 40.5 • . The phosphate mineral whitlockite ((Ca,Mg) 3 (PO 4 ) 2 ) was identified only in B600 at a peak equal to 2θ = 47.3 • since phosphorus reached a more stable form [24, 35] .
The measured pHZC values of RPM, B400, and B600 were 9.09, 10.87, and 11.47, respectively (Table 1) . This significant increase is mainly attributed to the concentration of the non-carbonized inorganic elements that were already present in the original feedstock [38] . The same behavior was reported by Song and Guo [22] , who found that RPM carbonization at temperatures of 400 and 600 • C increased pHZC from 9.5 to 10.1 and 11.5, respectively. This observed alkaline property implies that these materials could be used as pH regulators for acidic soils when used as amendments or for acidic wastewaters when used as adsorbents for toxic substances. Such valorization pathways will significantly reduce the use of chemical reagents and hence the related expenses.
On the other hand, RPM pyrolysis significantly decreased C, H, N, and S contents as temperature increased ( Table 1 ). For instance, original C, H, N, and S contents in RPM decreased respectively by 5.7%, 3.2%, 1.6%, and 0.02% in B600. These findings are mainly due to their transfer to bio-oil and/or incondensable exhaust during the pyrolysis process [24] . Furthermore, the C/H ratio increased with the increase of the pyrolysis temperature (Table 1 ) as a result of dehydration and decarboxylation reactions [33] . A similar trend was reported by Cimo et al. [30] when studying the pyrolysis of RPM collected from a chicken farm. They found C/H ratios of 7, 21, and 42 for RPM, and derived biochars at temperatures of 450 and 600 • C, respectively. The larger the C/H ratio is, the higher the polycondensation degree of organic systems. This confirms that an increasing pyrolysis temperature favors the formation of polycondensation aromatic rings.
The analysis of inorganic elements showed that silicon (Si), potassium (K), sodium (Na), phosphorus (P), aluminum (Al), and magnesium (Mg) exist in RPM with relatively high contents. The concentrations of these elements increase when increasing the pyrolysis temperature (Table 1) . For instance, initial Mg, P, and K contents in RPM increased by 43.7% and 53.9%, 19.5% and 153.9%, 88.7% and 73.7% for B400 and B600, respectively. The presence of these nutrients in the produced biochars would be very useful for plant development and growth after land application.
Volatile matter (VM) contents significantly decreased from 36.3% for RPM to only 4.1% and 4.0% for B400 and B600. These changes are mainly due to the conversion of the RPM's organic matter into gaseous products during the pyrolysis process [39] . In contrast, ash contents increased from 51.4% for RPM to 78.6% and 79.7% for B400 and B600, respectively. The high ash contents of the three materials might be attributed to the physically incorporated soils and intrinsic inorganic elements, such as phosphorus and potassium, that are present in the raw manure and derived biochars [1] . Furthermore, the increase of the pyrolysis temperature leads to the dissociation of minerals from biomass [40] . As for ash, the fixed carbon contents increased after RPM pyrolysis, resulting in a more stable phase [39, 41] . Unexpectedly, the measured fixed carbon content at 600 • C was slightly higher than the one measured at 400 • C (5.6%), which could be due to a combination of the samples' heterogeneity and analyses' uncertainties. Similar findings were reported by Enders et al. [42] . Finally, due to water evaporation during the pyrolysis process, the measured RPM moisture decreased from 16.7% to about 0.8% for both B400 and B600. Similar trends were also reported by Akdeniz and Novais et al. [2, 37] .
The FTIR spectra of raw manure feedstock and both biochars are given in Figure S3 . For raw poultry manure, the major band near 3853 cm −1 (H-bonded OH) was attributed to the stretching vibration of hydrogen bonds of carboxylic acid and alcohols [30] . Peaks at 2992 cm −1 and 2865 cm −1 revealed asymmetric and symmetric (-CH) stretching bands of CH 3 and CH 2 groups, respectively and are associated with the aliphatic functional groups existing in lipids [43] . The peak at 1650 cm −1 concerns the C=O stretching of CO 2 H and C=O of primary amides, which indicates the presence of protein. A CH 2 deformation peak registered at 1416 cm −1 is characteristic of saturated fatty acids and cellulose [44] . The peak at 1233 cm −1 of C-O is associated with the stretching of carbohydrates. Finally, the small peak appearing between 871 and 1024 cm −1 in the raw feedstock was attributed to stretching -CH and represents the aromatic structures' out-of-plane bending vibrations [39] .
The pyrolysis of RPM at 400 and 600 • C generated new transformational products. Compared to RPM, the spectra of produced biochars reveal the presence of higher aromatic and lower carbohydrates' structures. In this context, the intensity of the H-bonded OH peak significantly decreased with the increase of the pyrolysis temperature. This is likely related to the dehydration process during the pyrolysis operation and suggests that the carboxylic acid might be dissolved and hydrolyzed. Furthermore, the aliphatic C-H stretching of CH 3 and CH 2 groups observed respectively at 2992 and 2865 cm −1 almost disappeared in the biochars' spectra, which could be imputed to the hydrolysis of aliphatic chain and dissolution. Similarly, the peak at 1650 cm −1 , which is associated with C=O stretching of primary amides, presents a clear intensity decrease with an increasing pyrolysis temperature. This behavior is probably due to the decomposition of the C=O bonding that generally enhances the formation of monoxide carbon and dioxide carbon [43] , and causes a change in N functional groups by pyrolysis [45, 46] . The observed peak at 1416 cm −1 , which is associated with CH 2 deformation for both biochars, presents an intensity increase with temperature [39] . Also, the bonding of C-O increased at 1233 cm −1 , which is associated with the stretching of -COH in alcohols and -COR in aliphatic ethers [44] . The peak between 871 and 1024 cm −1 in the raw poultry manure is associated to aromatic -CH out-of-plane bending vibrations. This peak increased with the pyrolysis temperature, indicating a gradual conversion of aromatic structures during this process [44] . The presence of the various above-cited functional groups may play an important role in nutrient leaching from these biochars and especially pollutant adsorption from wastewaters [45, 46] . For instance, P ion adsorption was confirmed by the apparition of a new P-O stretching vibration at 1050 cm −1 [47] .
Phosphorus and Potassium Release
The release of P and K from RPM and biochars was assessed in the batch mode under the various experimental conditions detailed in Section 2.4.
Effect of Contact Time-Kinetic Release Study
In order to assess the effect of contact time on the release efficiency of P and K from RPM, B400, and B600, batch experiments were performed for an initial pH of 5.6 (without adjustment), a constant dose of 10 g L −1 , and contact times varying between 1 min and 48 h (see Section 2.4.1). Outcomes indicated that P and K release from the three studied solid matrices was clearly a time-dependent process (Figure 2a,b and Figure 6a ,b).
The P release kinetics were fast at the beginning of the experiment (until 4 h) as shown in Figure 2b . This is probably attributed to an ion exchange or desorption process and/or dissolution of some poorly crystalline or amorphous phosphates [25] . At this time, the released amount was estimated to 4.81 mg g −1 , which represents 94% of the overall released quantity. Then, the released amount continued to increase but at much slower rates until an equilibrium state was reached. This latter state, which is characterized by an approximate released amount, was observed after approximately 17 h. A similar trend was also observed for potassium release (Figure 3a,b) . The observed stiff slope at the beginning of the experiments indicates a quick and instantaneous release related to the abundance of low-energy-retained P or K (P/K) elements on the surface of the solid matrices. At this step, the release rate was relatively fast because P/K was essentially desorbed from the easily accessible sites to water located at the exterior surfaces of RPM and the derived biochars. When the release of P/K from the exterior surfaces reached its limits, P/K could be further released from the more inaccessible sites located at the inner surfaces of the tested materials. The P release kinetics were fast at the beginning of the experiment (until 4 h) as shown in Figure  2b . This is probably attributed to an ion exchange or desorption process and/or dissolution of some poorly crystalline or amorphous phosphates [25] . At this time, the released amount was estimated to 4.81 mg g −1 , which represents 94% of the overall released quantity. Then, the released amount continued to increase but at much slower rates until an equilibrium state was reached. This latter state, which is characterized by an approximate released amount, was observed after approximately 17 h. A similar trend was also observed for potassium release (Figure 3a,b) . The observed stiff slope at the beginning of the experiments indicates a quick and instantaneous release related to the abundance of low-energy-retained P or K (P/K) elements on the surface of the solid matrices. At this step, the release rate was relatively fast because P/K was essentially desorbed from the easily The required time to attain an equilibrium state for K was much longer compared to P since it took about 48 h of contact time (Figure 3a ). Furthermore, it appears that the pyrolysis process converted the initial potassium in RPM into a more leachable and water-soluble form in biochars through dissociation mechanisms [40] . As such, released K amounts were 25.6, 43.3, and 37.7 mg g −1 for RPM, B400, and B600, respectively. Accordingly, Song and Guo [22] showed that the released potassium amount from an RPM-derived biochar at a temperature of 600 °C (44.61 mg g −1 ) was 1.9 higher than that observed for the raw biomass. Even if the pyrolysis process had concentrated P in the biochars compared to RPM (Table 1) , at equilibrium, the released P amounts from RPM (5.14 mg g −1 ) were much higher than those corresponding to B400 (3.77 mg g −1 ) and B600 (1.39 mg g −1 ). These amounts correspond to leachable P percentages of 30.2%, 18.5%, and 3.2% for RPM, B400, and B600, respectively. These rates are likely due to the fact that the pyrolysis process had converted a portion of RPM-containing phosphorus into water non-extractable forms, such as crystalline metal phosphates, which generally dissolve much more slowly and are less available [45, 48] . In this context, Wang et al. [24] reported that RPM wastes collected from local hen houses (USA) released an average phosphorus amount of 6.48 mg g −1 . This quantity decreased to about 1.04 mg g −1 for its derived biochar at a temperature of 600 • C. Similarly, Peak et al. [48] also reported that the released amount of phosphorus from an RPM sample (collected from the region of Avila, Spain) was about 2.57 times higher than the one measured for its derived biochar produced at 500 • C.
The required time to attain an equilibrium state for K was much longer compared to P since it took about 48 h of contact time (Figure 3a ). Furthermore, it appears that the pyrolysis process converted the initial potassium in RPM into a more leachable and water-soluble form in biochars through dissociation mechanisms [40] . As such, released K amounts were 25.6, 43.3, and 37.7 mg g −1 for RPM, B400, and B600, respectively. Accordingly, Song and Guo [22] showed that the released potassium amount from an RPM-derived biochar at a temperature of 600 • C (44.61 mg g −1 ) was 1.9 higher than that observed for the raw biomass.
According to Tables 2 and 3 , and Figures 2b and 3b , the confrontation of P/K release experimental data to those determined by the pseudo-first-order (PFO) and pseudo-second-order (PSO) models showed that the PFO model completely fails to reproduce the experimental values for the three tested solid materials. In fact, the calculated P/K determination coefficients as well as the related average percentage errors between the measured and the calculated values were not at all satisfactory. For instance, the "determination coefficients" and the APE of P were two by two 0.786 and 23.7%, 0.822 and 23.4%, and 0.734 and 29.6% for RPM, B400, and B600, respectively. Table 3 . Kinetic parameters of potassium release by RPM and its two derived biochars at 400 and 600 • C.
Solid Support
Pseudo-First-Order Model (PFO)
Pseudo-Second-Order Model (PSO) K On the contrary, the PSO model succeeded to sufficiently reproduce the experimental data since the calculated determination coefficients (R2) for P or K were higher than that of the pseudo first order. Moreover, the calculated APE between the experimental and theoretical released P or K values were significantly lower than those calculated by the PFO model (Tables 2 and 3 ). For the three solid materials and the PSO model, the maximum values of APE for P and K were estimated at 19.9% ( Table 2 ) and 19.5% (Table 3) , respectively. However, the maximum values of this parameter were 29.6% and 56.7% for P and K, respectively. The highest non-accordance between the experimental and theoretical data corresponds to the initial phases of the experiments where the nutrient release slopes are maximal (Figures 2b and 3b) . The fact that the experimental data were better fitted by the PSO suggests that nutrient leaching from RPM and its derived biochars might be controlled by a chemical process [26] .
Effect of pH
The effect of initial aqueous pH on P and K release from the three materials was assessed under the experimental conditions described in Section 2.4.2. The results are illustrated in Figure 4a ,b. P-released amounts from RPM were approximately constant, with an average value of 5.51 mg g −1 . However, for B400 and B600, P-released amounts increased with the increase of pH values. For instance, the released amount from B600 increased by about 43.5% when the pH increased from 3 to 8. Globally, a similar variation trend was observed for K. The maximum released amount (41.33 mg g −1 ) was observed for B400 at an initial aqueous leaching pH of 8. It is worth mentioning that high aqueous pH values could lead to the precipitation of the released phosphorus and potassium and therefore affect their availability to plants. For instance, depending on the aqueous pH value, phosphorus can exist as tricalcium phosphate, hydroxyapatite, calcium, and iron phosphates compounds [31] . However, it is very difficult for the precipitation of potassium as potassium hydroxide, which could be observed for very high pH values, to occur under the tested experimental conditions. It is important to underline that for high pH values, phosphorus could precipitate into calcium phosphate and magnesium phosphate, which makes P assimilation by crops more difficult [34, 49] . These results confirmed that for a wide pH range, the biochars derived from RPM represent an important source of potassium that could be assimilated by various crops after soil application. P-released amounts from RPM were approximately constant, with an average value of 5.51 mg g −1 . However, for B400 and B600, P-released amounts increased with the increase of pH values. For instance, the released amount from B600 increased by about 43.5% when the pH increased from 3 to 8. Globally, a similar variation trend was observed for K. The maximum released amount (41.33 mg g −1 ) was observed for B400 at an initial aqueous leaching pH of 8. It is worth mentioning that high aqueous pH values could lead to the precipitation of the released phosphorus and potassium and therefore affect their availability to plants. For instance, depending on the aqueous pH value, phosphorus can exist as tricalcium phosphate, hydroxyapatite, calcium, and iron phosphates compounds [31] . However, it is very difficult for the precipitation of potassium as potassium hydroxide, which could be observed for very high pH values, to occur under the tested experimental 
Effect of Dose
The effect of RPM, B400, and B600 doses on P and K release efficiency was determined according to the experimental conditions given in Section 2.4.3 and are illustrated in Figure 5a ,b. from 74.45/47.88 to 393.6/5321.8 mg L −1 for B400, and from 33.18/464.7 to 119.13/5409.5 mg L −1 for B600 when the material dose increased from 2 to 15 g L −1 , respectively. This is mainly due to the increase of the available surface area of the solid matrices that could interact with the aqueous solutions [40] . Similar behavior was observed by Wang et al. [24] when studying the release of phosphorus from an RPM-derived biochar at 600 °C. They found that increasing the biochar concentration from 5 to 10 and then to 25 g L −1 resulted in an increase of the released P from 8. 
Successive Leaching Experiments-Nutrient Slow Release
The cumulative release of P and K from RPM, B400, and B600 for six successive leaching experiments (duration of 48 h for each one) is shown in Figure 6a Released P or K concentrations increased significantly with the increase of the used dose. For example, P/K released concentrations increased from 58.58/304.83 to 815.47/3680.1 mg L −1 for RPM, from 74.45/47.88 to 393.6/5321.8 mg L −1 for B400, and from 33.18/464.7 to 119.13/5409.5 mg L −1 for B600 when the material dose increased from 2 to 15 g L −1 , respectively. This is mainly due to the increase of the available surface area of the solid matrices that could interact with the aqueous solutions [40] . Similar behavior was observed by Wang et al. [24] when studying the release of phosphorus from an RPM-derived biochar at 600 • C. They found that increasing the biochar concentration from 5 to 10 and then to 25 g L −1 resulted in an increase of the released P from 8.8 to 14.0 and 26.8 mg L −1 , respectively.
The cumulative release of P and K from RPM, B400, and B600 for six successive leaching experiments (duration of 48 h for each one) is shown in Figure 6a ,b, respectively. Figure 5 . Effect of the used solid matrix doses on the release efficiency of phosphorus (a) and potassium (b) (pH = 6.2, T = 20 ± 2 °C). At each dose, means with the same lowercase letters are not statistically different at p < 0.05.
The cumulative release of P and K from RPM, B400, and B600 for six successive leaching experiments (duration of 48 h for each one) is shown in Figure 6a It can be clearly seen that for all the studied solid matrices, P release significantly increased with the operated number of leaching experiments. At the sixth assay, the maximal released amounts attained were approximately 9.2, 10.4, and 8.2 mg g −1 for RPM, B400, and B600, respectively ( Figure  6a ), which are 78.7%, 176.3%, and 489.5% higher than those observed in the first leaching experiment. These released amounts correspond to 54.0%, 51.2%, and 19.0% of the initial contained P in RPM, B400, and B600, respectively (Table 1 ). These percentages are very important compared to the ones It can be clearly seen that for all the studied solid matrices, P release significantly increased with the operated number of leaching experiments. At the sixth assay, the maximal released amounts attained were approximately 9.2, 10.4, and 8.2 mg g −1 for RPM, B400, and B600, respectively (Figure 6a ), which are 78.7%, 176.3%, and 489.5% higher than those observed in the first leaching experiment. These released amounts correspond to 54.0%, 51.2%, and 19.0% of the initial contained P in RPM, B400, and B600, respectively (Table 1 ). These percentages are very important compared to the ones given in the scientific literature from continuous (not successive) leaching experiments. In fact, they were assessed as only 5.5% [24] and 6.2% [22] for RPM-derived biochars collected from broiler farms in Seaford (USA) at temperatures of 400 and 600 • C and contact times of 12 and 3 days, respectively. Besides, Liang et al. [25] estimated the P release percentage to be about 10% for a biochar derived from RPM collected from a Florida dairy farm at a temperature of 450 • C and a continuous contact time of 10 days.
Compared to the first leaching experiment, cumulated P amounts considerably increased at the sixth successive leaching assay by 78.7%, 176.3%, and 489.5% for RPM, B400, and B600, respectively (Figure 6a ). Concerning the kinetic release, in contrast to RPM and the fourth leaching experiment, B400 and B600 continued to release P with relatively high average release kinetic rates of 0.878 and 0.812 mg g −1 day −1 . Even after the six successive leaching experiment (12 days), B400 and B600 were still releasing P att rates of 0.062 and 0.407 mg g −1 day −1 , respectively (Figure 6a ).
Similar release trends were observed for potassium. For both B400 and B600 materials, released K amounts significantly increased with the progress of the leaching experiment, attaining values of 71.6 and 63.2 mg g −1 , respectively, at the sixth leaching assay, corresponding to overall increase percentages of 65.7% and 64.3%, respectively, compared to the first leaching experiment (Figure 6b ). These amounts represent 99.5% and 95.4% of the contained K in B400 and B600, respectively, confirming its transformation to a more leachable form and its slow release. These percentages were important when compared to continuous leaching assays where they were evaluated as only 45% to 49% for RPM-derived biochars collected from broiler farms in Seaford (USA) at temperatures varying between 400 and 600 • C, and a continuous contact time of 3 days [22] .
Moreover, compared to RPM, until four successive leaching experiments, relatively high kinetic release rates of 4.071 and 3.531 mg g −1 day −1 were recorded for B400 and B600, respectively (Figure 6b ). Even in the last leaching experiment, B400 and B600 were still releasing K at 0.968 and 0.587 mg g −1 day −1 , respectively (Figure 6b ).
These outcomes indicate that the two RPM-derived biochars could be considered as slow-release fertilizers, where P and K could be available for several seasons in real conditions [50] . Unlike commercial fertilizers, where nutrient dissolution is very fast-even instantaneous for some products [51] -the use of RPM biochars as amendments for agricultural soils constitutes an important asset for both optimal plant growth and groundwater pollution reduction [52] . As crops also need nitrogen and other micronutrients, combining biochar application with chemical fertilizers or fresh composts has the benefits of simultaneously improving soil physical properties, nutrient retention, and plant yield [53] .
Conclusions
This research work demonstrated that raw poultry manure pyrolysis significantly affects its physico-chemical characteristics, especially the chemical composition, pH of zero-point charge, and surface properties, including the specific surface area and functional groups. Altogether, these characteristics play an important role on the nutrient release efficiency. Nevertheless, the chemical state of these nutrients in these solid matrices, which is very dependent on the used pyrolysis temperature, might be the most important factor influencing this process. The pyrolysis process favors P conversion into a more stable phase through its probable complexation with magnesium and/or calcium and therefore reduces its release rate in the aqueous phase. In contrast, RPM pyrolysis converts potassium into a more leachable form. On the other hand, compared to RPM, RPM-derived biochars could be considered as an attractive soil conditioner with very slow nutrient release capacities. This promising property will result in a more efficient nutrient uptake by crops and limited leaching to both groundwater and surface runoff. Further investigation is currently being carried out to monitor the impact of biochar doses in agricultural soils under dynamic conditions on nutrient leaching ability and assimilation by selected plants.
Supplementary Materials:
The following are available online at http://www.mdpi.com/2073-4441/11/11/2271/s1, Figure S1 : SEM images of surface surfaces morphologies of RPM (a), B400 (b) and B600 (c), Figure S2 : XRD images of crystalline phases of RPM, B400 and B600 (OM: organic matter; Q: quartz; C: calcite; S: sylvite and W: whitlockite), Figure S3 : FTIR Spectra of RPM and its two derived biochars at temperatures of 400 and 600 • C. 
